The scattering in the light emission wavelength of semiconductor nano-emitters assigned to nanoscale variations in strain, thickness, and composition is critical in current and novel nanotechnologies from high efficient light sources to photovoltaics. Here, we present a correlated experimental and theoretical study of single nanorod light emitting diodes (nano-LEDs) based on InGaN/GaN multi quantum wells to separate the contributions of these intrinsic fluctuations. 
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Accepted Manuscript Nanoscale www.rsc.org/nanoscale INTRODUCTION Nano-emitters based on InGaN/GaN multiple quantum well (MQW) heterostructures that constitute the active components of nanorod light emitting diodes (nano-LEDs) are currently being explored not only as a viable solution to unravel long-pending technological issues in solid state lighting such as inefficient light extraction, "efficiency droop", and "green-yellow gap" [1] [2] [3] but also for novel and exciting applications in biosensing and bioimaging 4 , nanolasers 5 , subwavelength lithography 6 , photovoltaics [7] [8] [9] , and polarized single-photon emission 10 . The characteristic properties of nano-LEDs as compared to their planar film counterparts include an ultra-efficient and directed light out-coupling, a high internal quantum efficiency, and multicolor, white light emission even without additional tuning of the large area surfaces. These unique features have been achieved by choosing appropriate sizes and geometries as well as by controlling the strain relaxation either through nanopatterning of planar films using top-down lithography techniques 1, [11] [12] [13] [14] or by bottom-up growth of relaxed InGaN/GaN MQWs on strainfree GaN nanowire templates. 3, 6, [15] [16] [17] The key to wavelength-independent emission efficiency over the entire visible spectrum resides mainly in the control of the strain at the nanoscale. In InGaN/GaN MQW heterostructures there is a lattice mismatch between the two materials that can lead to a significant in-plane biaxial strain inside the QWs. This strain changes the crystal lattice geometry giving rise to two effects, namely the shift and bending of the energy bands. The latter effect, known as the piezoelectric effect, occurs because of the polar nature of the crystal structure along the c-axis of GaN and can induce a high internal electrostatic field that affects the overlap between the electron and hole wavefunctions in the quantum wells, referred to as the quantum confined Stark effect. 18 Since the strain modifies the wavelength and intensity of the light emitted from the
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Nanoscale Accepted Manuscript nano-emitter through locally confined changes in the band profile and spatial localization of the carrier wavefunctions, 19 it is very important to quantitatively probe the strain state of single, isolated, and vertically aligned nanorod LEDs on the initial substrate as integrated in devices in order to assess the homogeneity and degree of the strain relaxation at the nanoscale compared to the starting film as a result of the nanofabrication process. Another essential point is the impact of intrinsic fluctuations in the thickness and In composition on the light emission wavelength from partially or fully strain relaxed nano-LEDs as compared to the bulk strained MQW counterparts. 15, 16, 20, 21 The high surface-to-volume ratio characteristic for the nanorod geometry leads to surface-related phonon modes whose interaction with electrons by way of Fröhlich phonon-electron coupling potentially open the way towards designing of phonon assisted nanorod LED devices. 22, 23 Therefore, such basic studies require the fabrication of reproducible nanostructures with small size deviations as well as controlled orientation and density.
In this context, it is obvious that a smart choice of the nano-emitter dimensions coupled with the development of a wafer-scale nanofabrication method minimizing the nanorod-to-nanorod variations are critical for a fast and straightforward advancement in this field. It has been established that there is an optimum diameter for LED nanorods ranging from 100 nm to 200 nm at heights ≥ 1 µm that warrants a highly efficient and collimated light emission towards the surface normal of up to 79 % through the nanoscale control of the number and radiation pattern of optical modes as well as a good overlap between these modes and the active quantum wells. 1, 24 Strain distribution simulations revealed that the decrease in the GaN nanorod diameter limits the strain relaxation depth to the surface, which can be extended along the entire nanorod length (strain still present at the base) by increasing its height up to ≥ 300 nm. 25, 26 We adopted these confirmed dimensions to produce nano-LEDs using a combination of nanosphere lithography (NSL) and reactive ion etching (RIE). 27 The NSL/RIE procedure has been proven to result in not coalesced, tightly size-controlled nanorods in contrast to the self-assembled Ni particle mask and self-or catalyst-induced epitaxial growth methods, 4, 11, 12, 26 and to be faster, far less equipment demanding than the electron beam lithography and the focused ion beam patterning approaches. 1, 14, 28 Despite the fact that the nano-objects in this work were optically excited and not electrically pumped by means of contacts, they will still be termed nano-LEDs. 1, [29] [30] [31] Other commonly used designations for similar nanostructures are QW-nanorods or quantum disc-nanorods or employing the terms nanowires, nanopillars, and nanoposts instead of nanorods. 14, 28, [32] [33] [34] In the present letter we demonstrate, to the best of our knowledge, for the first time the use of Figure 1a ,b. The overlying schematic of a nanorod along with the full line illustrates the depth of nanostructuring and the underlying GaN supporting film remained after etching denoted as the GaN substrate. Glass nanospheres with an initial, specified diameter of 490 ± 20 nm were spin coated on the film surface to obtain a discontinuous coverage, which is in contrast to the Langmuir-Blodgett method that leads to a continuous, densely packed nanosphere monolayer exhibiting high hexagonal periodicity over large areas. 27 Two plasma steps in a Figure 1c , where a tilt boundary indicated by an arrow runs across this nanorod. 35 The InGaN/GaN MQW nano-LEDs were experimentally studied at room temperature using a combination of micro-Raman and CL spectroscopic measurements enabling the understanding of the interplay between strain and optical transitions in individual nano-emitters. The Raman measurements were performed in the backscattering configuration using a LabRam HR800 spectrometer from Horiba Scientific. A linearly polarized laser emitting at 532 nm (2.33 eV) was used for the Raman excitation. The laser light was tightly focused by a 100x objective (numerical aperture 0.9) resulting in a diameter of the normally incident probing beam of ~ 0.8 µm and in a laser power on the sample surface of ~ 353 µW using a filter corresponding to a power density of only ~ 70 kW/cm 2 . We observed no damage or structural changes to the nano-LEDs as proved by SEM imaging and CL emission investigations before and after the Raman probing as well as no additional Raman shift due to local heating by the laser beam. The CL spectra were acquired with a fixed (not scanning) electron beam perpendicular to the nanorod top using a GatanMonoCL in a Hitachi S4800 SEM at an acceleration voltage of 5 keV and an emission current of 15 µA. The same measurement procedure was applied to the epitaxial film, before and after the NSL/RIE patterning, for direct comparison.
RESULTS AND DISCUSSION
Two probing configurations schematically shown in Figure 2a ,b for the micro-Raman technique were employed. We note that two tilt boundaries indicated by arrows meet within this nanorod demonstrating the etching homogeneity and stability regardless of the initial film microstructure. Following the common description for the wurtzite structure the z-direction coincides with the c-axis of GaN, while the x and y directions correspond to any two perpendicular axes in the c-plane of GaN (normal to the c-axis). According to the Porto notation, in the z(x,-)z ത scattering geometry the incident laser light propagates in the positive z-direction being polarized in the x-direction and the backscattered Raman light is detected in the negative z-direction so that single nano-LEDs were analyzed from the top, whereas in the x(z,-)x ത configuration the probing took place from the side. 36 Representative, complete Raman spectra measured in the top and side configurations on a nanorod located at the sample edge along with their Lorentz fits are plotted in Figure 2c . The appearance and intensity of phonon modes are mainly depending on the measurement configuration as well as on the marginal, nonparallel light (both in excitation and detection known as the leakage effect) characteristic to the objective-based micro-Raman technique that leads to a light component perpendicular to the main laser light excitation as described by the left insets in Figure 2a ,b. 36 In the top z(x,-)z ത scattering geometry the selection rules "allow"
theoretically only the detection of the A 1 (LO) and E 2 (high), denoted E 2 h , phonon modes associated with the probing configurations z(x,x)z ത and z(x,y)z ത, while in the side x(z,-)x ത geometry the "allowed" modes are A 1 (TO) and E 1 (TO) linked with the configurations x(z,z)x ത and x(z,y)x ത (LO and TO are the acronyms for the longitudinal and transversal optical phonon modes). However, additional phonon modes were observed experimentally: E 1 (TO) related to the scattering contribution x(y,z)y ത in the top geometry, E 2 h and E 1 (LO) corresponding to the scattering contributions x(y,y)x ത and x(y,z)y ത in the side geometry, as well as the vibration mode of N-rich Ga-N bond at ~ 418.13 cm -1 (see inset 1 in Figure 2c ) and one unassigned mode at ~ 543.79 cm -1 (see inset 2 in Figure 2c ) appearing in both measurement geometries. [36] [37] [38] The latter phonon mode was observed exclusively in nanorods (see also Figure 3a ,c,e for the comparison with the film) and it can be attributed to a quasi-TO mode whose frequency lies between the pure A 1 (TO) and E 1 (TO) mode frequencies. 36 Since the Raman measurements in Figure 2c were taken after the Piranha/HCl treatments (details are described later in the paper), just the aforementioned bulk phonon modes were present whereas the SO phonon modes were missing (see also Figure   4e ). Figure 2c and the paragraph on the A 1 (LO) mode), and E 1 (LO) at ~ 741.38 cm -1 . The use of two probing configurations (laser light being incident parallel and perpendicular to the nanorod long axis) enabled us not only to explain in detail the Raman spectrum of a nano-LED but also to clearly distinguish between the strain state of a nano-LED and that of the underlying GaN substrate based on the fact that in the side geometry only the nano-LED is measured, while in the top geometry both the nano-LED and the remaining GaN substrate are investigated. It can be clearly seen in the inset 2 of Figure 2c that in the latter case the E 2 h Raman peak splits into two peaks whose frequencies correspond to those of the nanorod and the substrate. This finding opens a new possibility to selectively probe a nano-object with a diameter below the diffraction limit, i.e., less than λ/2 of the Raman excitation. In other words, the spatial resolution of microRaman becomes the same as the nanorod diameter due to the laser light coupling to the nanoobject so that for the first time a nano-LED could be separately probed on the initial substrate consisting of the same material. Because of the limited number of individual nano-LEDs at the sample edge and to present a statistically relevant study, we focus in the following on the Raman results acquired in the top geometry. 36 Furthermore, the use of a visible sub-band gap laser ensured that the Raman spectra describe the average strain states over the entire nanorod length and diameter including the nonuniform strain distribution at the nanorod edges as well as over the remaining film thickness. 17, 39 We start our discussion with the distinct splitting of the E 2 h phonon mode in the case of nanostructured LEDs displayed in panel a. The E 2 h twopeak structure is attributed to different strain states of the nanorod (low frequency peak -nano- gives rise to freely expanding lattices at free surfaces. 18, 26 We obtained an in-plane strain of -2.27 % for the initial film that decreases to - assumed in these calculations as applied to a QW film. The simulation of the radial strain distribution in a QW-nanorod geometry using the nextnano3 code 40 give a weighted mean inplane strain of ε || =-1.78 % when averaging over the entire QW region (for more details see
Supporting Information, Figure S1 ). As expected, this value is smaller than -1.97 % because of including the strain relaxation at the nanorod free surface areas. The strain difference of only -0.19 % corresponds to an overestimation of 9.6 % for the average in-plane strain amount in the film with respect to that in the nanorod. This effect becomes significant when the strain-relaxed region inside the nano-emitter approaches its diameter.
29, 41-44
Next, we applied a similar data analysis to the same Raman spectra with respect to the A 1 (LO) phonon mode. The results are summarized in Figure 3g The change in the nanorod morphology not only increases the surface roughness but also decreases the effective optical cross-section exposed to the probing laser beam due to the geometry modification and size reduction. Interestingly, the SO phonon peak vanished despite the common believe that the surface roughness, which increases because of the irregular surface modulation of the nanorods after the Piranha/HCl steps, should lead to the occurrence of SO modes because of the surface symmetry breaking. 28, 37 This suggests that the SO mode intensity may be the result of the competition between the decrease caused by the geometry/size changes and the increase caused by the induced surface roughness. Our findings validate the straightforward application of Raman spectroscopy in the case of nano-objects composed of anisotropic polar semiconductors to differentiate between distinct types of surface roughness related to different degrees of surface faceting and smoothing, which unexpectedly do not necessarily always lead to the appearance of SO modes. Furthermore, it confirms that the assignment of these phonon modes to the surface is accurate, while the bulk phonon modes, located at their strain-free positions as shown in Figure 2c Figure S2 ). Despite several publications on this fundamental aspect, there is no paper, to the best of our knowledge, reporting a full experimental strain -emission dependence analysis as that presented in Figure 5b . Here, thirty representative rods covering the entire range of strain states (E 2 h peak positions) in the nano-LED Rod histogram of Figure 3b have been selected. The slightly different strain levels are attributed to the presence of defects such as dislocations already present in the GaN epilayer, which give rise to the dark CL contrast regions on the upper, planar area in Figure 1b , while a similar defect density is considered to be induced by the RIE process at the surface of all nanorods. However, it has been shown that the stress fields of dislocations can cancel partially, totally or not at all as a result of their interaction to minimize the strain energy. 45 Because observed, their effect on the light emission could not unambiguously be separated from that of the strain contribution so far. 20, 21, 34, 46 Theoretical calculations using the nextnano3 code 40 were performed to further understand the impact of the QW structural properties on the main optical transition energy in nano-LEDs (i.e., between the first energy states in the QW conduction and valance bands as illustrated by the arrow in the inset of Figure 5a , where the hole wavefunctions were obtained based on the 6x6 k•p method, while the electron wavefunctions utilizing the effective mass approximation). The surface band bending was neglected because of the large diameter of our nanorods. Since the excitons tend to dissociate at higher temperatures and the CL measurements were taken at room temperature, the exciton binding energy was not included. 49 We simulated an infinite array of at the nanoscale initiating the surface optical phonon modes in (e) (see also Figure 3 , panel g).
These SO modes disappear when the nanorod LED surface becomes inhomogeneous as in (b, d) proving the applicability of Raman spectroscopy to easily distinguish between different surface roughnesses conditions that can be used to produce tunable phonon assisted LED devices based on nanorods. The scale bars are 500 nm. 
